A general approach for the fabrication of nanoporous Pt-based multimetallic alloy nanowires is reported, which involves electrodeposition of corresponding precursor alloys into porous anodic alumina templates, followed by a mild dealloying process. Nanoporous ternary PtCoNi and PtCoAu as well as quaternary PtRuCoNi nanowires were successfully fabricated, and their microstructure and composition were examined by transmission electron microscopy. Electrochemical tests showed that these porous nanowires exhibit higher electrochemically active surface area and much improved durability compared to commercially available Pt black, and may find potential applications in electrocatalysis and electrochemical sensing.
Introduction
Pt and Pt-based alloy nanoparticles (NPs) have been subjected to intensive studies in the past two decades because they are highly efficient electrocatalysts for catalyzing both the anodic hydrogen/methanol oxidation reaction and the cathodic oxygen reduction reaction in fuel cells [1] . So far, a broad spectrum of binary Pt-based alloy (PtM alloy, M = Fe, Co, Ni, Cu, Ti, Bi, Sn and Au) catalysts has been investigated, and a multi-fold activity enhancement has been repeatedly observed [2] [3] [4] [5] [6] . It is generally accepted that most PtM alloy NPs will transform into a Pt-skinned PtM/Pt core/shell structure upon surface dealloying under fuel cell operation conditions, leading to a shortened Pt-Pt surface inter-atomic distance and modified d-band electronic structure that can weaken the interaction between the active Pt sites and the non-reactive intermediates, thereby giving rise to an enhanced catalytic performance [2] . While considerable advances have been made in the development of binary PtM alloys, Pt-based multimetallic alloy catalysts, to date, remain insufficiently explored and have recently become increasingly 3 Author to whom any correspondence should be addressed.
attractive [7] [8] [9] [10] . The multimetallic nature of these catalysts may not only help to reduce the loading of precious Pt, but also allow the individual functional components to work synergetically to improve the catalytic performance, thus promising a much more flexible design of electrocatalysts.
Herein, we report a general route for the fabrication of nanoporous Pt-based multimetallic alloy nanowires (NWs) which can potentially be utilized as efficient electrocatalysts. Generally, porous NWs have several advantages as electrocatalysts over NPs. Firstly, porous NWs have a high surface area and electrical contact to all surface sites, and therefore can be used as supportless catalysts without the need for a high surface area support (e.g. carbon black), thus eliminating the carbon corrosion problem which NPs/carbon catalysts often suffer from. Secondly, for NP catalysts, the electrochemically active surface area (ECSA) of platinum often reduces rapidly over time during the fuel cell operation due to the unfavourable dissolution, aggregation and Ostwald ripening of Pt NPs, leading to a poor durability. In contrast, the micrometre-sized length and rapid surface diffusion of Pt on the surface of the porous skeleton can allow the porous alloy NWs to overcome the possible degradation mentioned above, helping to improve the durability. On the other hand, porous alloy NWs are also advantageous in comparison to bulk nanoporous foams or nanoporous thin films in which a certain amount of active Pt sites are not accessible due to the limited mass transport [11] . The NW configuration can significantly shorten the pathway of the reactants to active Pt sites so that the mass transport can be greatly accelerated and all active Pt sites can be fully utilized.
In this work, nanoporous PtCoNi, PtCoAu and PtRuCoNi NWs are studied. The fabrication of these porous alloy NWs was accomplished by electrodeposition of corresponding precursor alloys into a porous anodic aluminium oxide (AAO) membrane, followed by a mild dealloying treatment in acid. We have carefully characterized the as-prepared porous alloy nanowires by transmission electron microscopy (TEM), and examined their ECSA and electrochemical durability through cyclic voltammetry (CV) and accelerated degradation test (ADT), respectively.
Experimental details

Preparation of porous AAO membranes
The AAO membranes used in our experiments were prepared by a two-step anodization process [12, 13] . Briefly, highpurity aluminium foils (99.999%, 0.5 mm thick, Goodfellow) were first electropolished in a mixture of HClO 4 and C 2 H 5 OH under a voltage of 20 V for 5 min. Subsequently, the polished aluminium foil was anodized in 0.3 M oxalic acid under a voltage of 40 V at 1
• C for 20 h. Afterwards, the formed alumina layer was removed by immersing the foil into an aqueous solution of 5 wt% H 3 PO 4 and 1.8 wt% CrO 3 at 45
• C for 20 h. The aluminium foil was then subjected to the second anodization under the same condition as the first one for 12-16 h. At the end of anodization, a step-wise voltage reduction procedure was applied to reduce the thickness of the barrier layer. The free-standing, through-hole AAO membrane was obtained by soaking the foil into 5 wt% H 3 PO 4 for 10-20 min at room temperature. The pore diameter of the as-obtained AAO membranes varied from 45 to 55 nm depending on the immersion time in the acid solution.
Fabrication and characterization of nanoporous multimetallic alloy nanowires
The precursor alloy nanowires were fabricated by electrodepositing corresponding alloys into the nanopores of AAO membranes. Before electrodeposition, a very thin layer of Pt was sputtered on the pore-mouth side of the AAO membrane to make the surface electrically conductive. Afterwards, the membrane was immersed into a cobalt plating solution (0.5 M CoSO 4 + 0.485 M H 3 BO 3 ) for electrodeposition of cobalt to thicken the conducting layer. Subsequently, the membrane was put into a three-electrode electrochemical cell and used as a working electrode. A platinum mesh and an Ag/AgCl electrode (double-junction, A J Cope & Son) were employed as the counter and reference electrodes, respectively. The electrolytes used for depositing PtCoNi, PtCoAu and PtRuCoNi alloys are summarized in table 1. The electrodeposition was carried out at a constant voltage of −1.0 V (versus Ag/AgCl) at room temperature.
To make the porous alloy nanowires, the AAO membranes embedded with the deposited precursor nanowires were soaked into 10 wt% H 3 PO 4 at 45
• C for 15 h. In this process, both the porous alumina and the Co conducting layer were completely dissolved. Meanwhile, dealloying also took place in the nanowires, leading to the desired porous alloy nanowires. Subsequently, the resulting powders containing porous alloy nanowires were carefully collected and washed with deionized water and isopropanol several times, and were dispersed into a fresh isopropanol solution for further examination. For TEM investigations, a drop of suspension containing porous nanowires was placed onto a carbon-coated copper grid and dried in air at room temperature. The microstructure of the precursor nanowires and porous nanowires was studied with a JEOL-1010 microscope, and the composition of the nanowires was analysed on a Philips CM20 microscope. The high-resolution images of the porous alloy nanowires were obtained on a JEOL-4010 microscope.
The ECSA measurements and acceleration degradation test (ADT)
The cyclic voltammograms of the porous alloy nanowires and the Pt black reference catalysts were measured in Arsaturated 0.1 M HClO 4 at room temperature. Firstly, the porous alloy nanowires were dispersed into a mixture of 1-propanol and water (7:3) to form catalyst inks with a concentration of 1 g Pt l −1 . The catalyst inks were subjected to ultrasonicating treatment for ∼20 min, and then 10 μl ink was dropped onto a glassy carbon electrode (GC, 5 mm in diameter, Pine Instrumentation), resulting in a Pt loading of 51.02 μg cm −2 . The GC electrode was dried in air for 1 h. Subsequently, 10 μl 0.05% Nafion solution was placed onto the GC electrode, and the electrode was dried again in air for 1 h. The electrochemical measurements were performed in a threeelectrode electrochemical cell with a platinum wire and an Ag/AgCl electrode (double-junction, A J Cope & Son) as the counter electrode and the reference. A potentiostat/galvanostat (PAR 263A) was used to record the CV profiles.
The ECSA was estimated from the CV profiles by measuring the charge associated with hydrogen adsorption/desorption between 0.05 and 0.40 V versus NHE:
where ρ stands for the Pt loading (g cm −2 ), Q H represents the charge in the hydrogen adsorption/desorption area, q H = 210 μC cm −2 is the charge required for monolayer adsorption of hydrogen on a Pt surface, ν is the potentiodynamic scan rate, E1 and E2 are the potentials at which the adsorbed hydrogen is zero and maximum, and i ad and i de correspond to the currents for adsorption and desorption, respectively.
The ADT was carried out in Ar-saturated 0.1 M HClO 4 at room temperature by sweeping the potential between 0.6 and can be attributed to the plastic deformation by homogeneous slip in small ligaments or by climb of lattice dislocations during the dealloying process, which was also observed in porous gold (or platinum) foams and NWs [12, [14] [15] [16] . Upon closer examination, it was found that these three kinds of porous NWs look different in morphology. Both the porous PtCoNi and PtRuCoNi NWs turn out to be very flexible after dealloying, while the porous PtCoAu NWs still remain robust. In addition, the nanopores in both porous PtCoNi and PtRuCoNi NWs were found to be in the range of 1-5 nm. In contrast, the size of most pores in PtCoAu NWs is well below 2 nm. Moreover, the ligament size of both porous PtCoNi and PtRuCoNi NWs is much thinner than that of porous PtCoAu NWs. It is believed that the morphological difference of these porous alloy NWs is closely related to the compositional difference in their precursors and related surface diffusion kinetics during the porosity evolution (see below for further discussion). The electron diffraction (ED) patterns of the resulting three porous NWs exhibit a single set of fcc-like rings, as shown in the insets of figures 1(d)-(f), suggesting that all these NWs consist of a single phase alloy with fcc structure. High-resolution TEM investigation revealed that all the porous alloy NWs are well crystalline, as shown in figure 2 . However, some distortions are found to be present in the lattice, which may be induced by the surface stress during the dealloying process.
Results and discussion
The compositions of the multimetallic alloy NWs were analysed by energy-dispersive x-ray spectroscopy (EDX) before and after dealloying, as displayed in figure 3 . Extensive EDX examinations confirmed that the precursor NWs are composed of Pt 1 amount of noble metal(s), which is consistent with the fact that all the electrodepositions were carried out under a condition at which less noble metals prefer to be reduced. It is also noted that the noble metal content in the PtCoAu precursor NWs (Pt + Au) is ∼6 at.%, much higher than that in the PtCoNi and PtRuCoNi precursors. It is known that upon the dissolution of less noble metal(s) during dealloying, the noble metal atoms will diffuse very quickly at the alloy/electrolyte interface and passivate the alloy surface [11] . Therefore, the content of noble metals can largely affect the evolution of nanopores. With a high noble metal content, the alloy surface can be rapidly passivated before a large nanopore is evolved. At this point, the higher noble metal content in PtCoAu precursor NWs can reasonably explain the above-mentioned morphological difference in the size of nanopores and ligaments among the three porous alloy NWs. It is also amazing that a continuous porous structure can even be formed by dealloying PtRuCoNi NWs that contain just 0.6 at.% Pt. This could be ascribed to the presence of porous alumina during dealloying which slows down the dissolution of less noble metal atoms and the mild dealloying conditions which reduce the driving force for less noble metal dissolution such that the Pt atoms have the time and opportunity to passivate the NW surface [15, 16] , forming a bicontinuous porous structure. It is known that the ECSA is a very important parameter for electrocatalysts as it is closely related to the catalytic activity and, in most cases, the degradation of catalytic performance is associated with the loss of ECSA.
We have examined the ECSA and durability of the asprepared nanoporous multimetallic NWs, and compared these properties with those of the commercially available Pt black. Figure 4 (a) shows the cyclic voltammograms of the porous NW catalysts and Pt black, which were recorded in Arsaturated 0.1 M HClO 4 at room temperature. The Pt loading of these catalysts was identical (51.02 μg cm −2 ). It is seen that the CV profiles of the porous alloy NWs resemble that of Pt black, with a region characteristic of hydrogen adsorption/desorption between 0.05 and 0.40 V versus normal hydrogen electrode (NHE), indicating that the surface of the porous NWs is Pt-enriched. The ECSA is estimated from the CV profiles according to the charge associated with hydrogen adsorption/desorption and by assuming 210 μC cm figure 4(b) . Figure 5 depicts the loss of ECSA with the number of CV cycles upon ADT. It is revealed that the ECSA of all porous NW catalysts decreases with cycle numbers. Nevertheless, both porous Pt 57 Co 31 Ni 12 (∼24% loss in total) and Pt 18 Ru 15 Co 48 Ni 19 NWs (∼12% loss in total) are found to be more durable than Pt black (∼29% loss in total), suggesting that the unique geometry of these two porous NWs effectively suppresses the possible dissolution, aggregation and Ostwald ripening processes that usually appear in NP catalysts upon dealloying, alleviating the loss of ECSA. In contrast, the porous Pt 30 Co 56 Au 14 NWs exhibit a much faster loss of ECSA (∼46% loss in total) over time, showing a poor durability. This could be explained as follows. Au possesses a much higher surface diffusion rate than Pt, and therefore may accelerate the coarsening of the ligaments [11] , so that many tiny nanopores would be flattened during ADT; on the other hand, the number of surface Au atoms may increase upon rapid surface diffusion, resulting in the reduction of active Pt sites.
Conclusions
To 
